Aims/hypothesis It has recently been proposed that IL-1β may be responsible for beta cell death in type 2 diabetes mellitus. Major support for this assumption was derived from experiments in the gerbil Psammomys obesus (sand rat), a model for nutritionally induced non-insulin-dependent type 2 diabetes. Using gerbil-specific primers for the analysis of gene expression, we investigated the validity of this hypothesis. Methods Gene expression was analysed by real-time RT-PCR of isolated and laser-microdissected islets and by in situ RT-PCR, both in beta cells and in immune cells, as well as in lymph nodes and spleen. Results We were unable to detect Il-1β and the IL-1β-inducible enzyme inducible nitric oxide synthase (iNos) by in situ RT-PCR, either in the pancreatic beta cells, or in the small number of non-activated immune cells of healthy and diabetic Psammomys obesus after 1 and 3 weeks on a highenergy diet. Very low levels of Il-1β and iNos mRNA were detectable in collagenase-isolated and laser-microdissected islets of normoglycaemic gerbils by real-time RT-PCR without any increase of these mRNAs in islets from diabetic animals. These results were confirmed by electron microscopy with immunogold staining for IL-1β and insulin. Conclusions/interpretation The diabetic syndrome induced in Psammomys obesus by high-energy diet is a classical type 2 diabetes model, which does not show any evidence of an involvement of the proinflammatory cytokine IL-1β or of activated immune cells in its pathogenesis. This is clearly at variance with the situation in type 1 diabetes.
Introduction
It is generally accepted that cytokines play a crucial role in the pathogenesis of type 1 diabetes mellitus [1] [2] [3] . Recently it has been proposed that cytokines may also be involved in the aetiopathology of beta cell death in type 2 diabetes mellitus [4] [5] [6] [7] . Major support for this hypothesis was derived from experiments on the gerbil Psammomys obesus (sand rat) [8, 9] , an established type 2 diabetes animal model [10, 11] . When fed a high-energy diet, these animals develop a diabetic syndrome [10, 11] .
It was reported some years ago that pancreatic beta cells from this type 2 diabetes animal model exhibited immunohistochemical staining for IL-1β, when after 1 week on a highcarbohydrate diet diabetic hyperglycaemia had developed [8] .
More recently the authors endorsed this observation and in addition demonstrated IL-1β gene and protein expression in isolated islets from human type 2 diabetic donors, as well as in islets from healthy human donors incubated for 3 days at 30 mmol/l glucose [6, 9] . On the basis of these observations, the authors proposed that the proinflammatory cytokine IL-1β also plays a prominent role in pancreatic beta cell loss in type 2 diabetes mellitus [4, 6, 9] . However, other authors were not able to confirm these observations. Thus both immunohistochemical staining of beta cells from diabetic Psammomys obesus [12] , and analyses of the expression of the gene encoding IL-1β in islets isolated from healthy and type 2 diabetic human pancreas donors [13] failed to show an increase of the very low basal Il-1β expression level in the beta cells in response to high glucose.
Species differences in the specificity of antibodies and of primers may affect the detection of IL-1β in beta cells of the gerbil Psammomys obesus. Therefore, in order to provide conclusive experimental evidence on this crucial question, we used for the first time gerbil-specific primers to analyse the expression of the genes encoding IL-1β and other proinflammatory cytokines, as well as of the IL-1β-inducible enzyme inducible nitric oxide synthase (iNOS). We performed real-time RT-PCR of isolated and laser-microdissected islets and in situ RT-PCR both on beta cells and immune cells in the pancreatic islets. As positive controls, the pancreas-draining lymph nodes and the spleen of healthy and diabetic Psammomys obesus were examined in parallel.
Materials and methods

Animals
We used 12-to 14-week-old Psammomys obesus (sand rat) from the DP line [10, 11] from the colony maintained at the Animal Facility of the Hebrew University-Hadassah Medical School, Jerusalem (kindly provided by E. Shafrir). These animals were fed either on a low-energy diet (2.38 kcal/g; Koffolk, Petach, Tikva, Israel) or on a highenergy diet (2.93 kcal/g; Weizmann Institute, Rehovot, Israel) for 1 or 3 weeks [14] . All sand rats were maintained according to the Federation of European Laboratory Animal Science Associations guidelines. The animal experiments were carried out according to the specific national laws of Germany, under a license for animal experimentation granted by the local government of Hanover to S. Lenzen.
Tissue processing
For light microscopy, tissue specimens of pancreas, pancreas-draining lymph nodes, and spleen were fixed in 4% paraformaldehyde in 0.15 mol/l PBS, pH 7.3, or rapidly frozen in liquid nitrogen [14] . Fixed tissue was embedded in paraffin and frozen tissue was stored at −70°C either for RNA isolation or for cryostat histology. For electron microscopy, pieces of pancreas were fixed in 2% paraformaldehyde and 2% glutaraldehyde, in 0.1 mol/l cacodylate buffer, pH 7.3, postfixed in 1% OsO 4 and finally embedded in epoxy resin [14] . Thin sections were contrast-stained with saturated solutions of lead citrate and uranyl acetate.
Immunogold staining
Thin sections were stained using the post-embedding method of immunogold for insulin (1:200-1:500; A565; DAKO, Hamburg, Germany) and IL-1β (1:50-1:400; Serotec, Oxford, UK) to localise these proteins by electron microscopy (EM 10; Zeiss, Oberkochem, Germany) in the subcellular compartments of pancreatic beta cells and immune cells [15] .
In situ RT-PCR
Sections from the pancreas and other organs on 3-chamber slides (SuperFrost Plus; MJ Research, Waltham, MA, USA) were treated for in situ RT-PCR gene expression analysis using a thermal cycler suitable for in situ amplifications (PTC-200 Twin Tower DNA Engine; MJ Research, Waltham, MA, USA) as described in detail elsewhere [16] . After both digestion steps with proteinase K and with an RNase-free DNase solution, a two step protocol with reverse transcription and PCR amplification was used. Thereafter the incorporated digoxigenin-labelled nucleotides were detected by an anti-digoxigenin antibody labelled with alkaline phosphatase (1:500) for 1 h. Alkaline phosphatase activity was detected by the nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate toluidine salt colour reaction (2 h incubation at room temperature). In our study we used gerbil-specific primers to exclude the existing species differences in the gene sequences of Il-1β and other cytokines, as well as of iNos between gerbil (Gene Bank No: AB069972) and rat (Gene Bank No: M98820) as a potential reason for false positive results. The specific gerbil primer sequences for in situ and real-time RT-PCR are given in the Electronic Supplementary Material (ESM Table 1 ). The amplicon size was between 80 and 133 bp for real-time and between 342 and 503 bp for in situ RT-PCR. In addition a rat insulin primer was used to detect the expression of the gene encoding insulin in pancreatic beta cells in Psammomys obesus [16] .
Laser-assisted microdissection Pancreatic sections (4-μm thick) were mounted on to polyethylene foil-covered slides, stained with methylene blue and dried at 37°C for 4 h. For islet-specific proinflammatory cytokine expression as well as for iNOS expression, a laser microdissection microscope (PALM Laser Micro Beam System; P.A.L.M., Bernried, Germany) was used to isolate the islets from the surrounding exocrine pancreatic tissue by focused nitrogen laser beam under direct visual control [17] . Microdissected islets were then directly catapulted by a single laser shot into the lid of a microfuge tube. Per animal, 80 to 120 islets were collected from serial pancreatic tissue sections. RNA was extracted from the microdissected tissue samples as described previously [18] .
Real-time RT-PCR
The mRNA from either frozen pancreases or microdissected islets of 7-or 21-day-old diabetic sand rats and normoglycaemic control animals was reverse transcribed using oligo dT primer. Expression of selected genes was quantified using QuantiTect SYBR Green technology (Qiagen, Hilden, Germany), which uses a fluorescent dye that binds only double-stranded DNA. The reactions were performed using the microplate-based DNA Engine Opticon fluorescence detection system (MJ Research) as described previously [19] . A total volume of 25 μl was used for the PCR reactions. Samples were first denatured at 94°C for 2 min followed by up to 40 PCR cycles. Each PCR cycle comprised a denaturation at 94°C for 30 s, an annealing at 62 to 65°C for 30 s, and an extension at 72°C for 30 s. Each PCR amplification was performed in triplicate. The optimal parameters for the PCR reactions were empirically defined. The purity of the amplified PCR products was verified by melting curves. β-Actin was used as the reference gene. Real-time RT-PCR analyses were performed for Il-1β, Ifn-γ, Tnf-α, and iNos. The sequences of the forward and reverse primers for the real-time RT-PCR were mostly located in the regions inside those of in situ PCR primers.
Statistical analyses
Data are expressed as means±SEM. Statistical analyses were performed by Student's t test using the Prism analysis program (Graphpad, San Diego, CA, USA).
Results
Expression of the genes encoding proinflammatory cytokines and iNOS as determined by in situ RT-PCR in Psammomys obesus
Pancreatic beta cells in Psammomys obesus on a highenergy diet for 1 (Fig. 1b) or 3 ( Fig. 1b) weeks showed a typical decrease in expression of the gene encoding insulin during diabetes development, as compared with normoglycaemic controls (Fig. 1a) . This decrease was accompanied by the gradual and morphometrically documented loss of insulin immunoreactivity in the pancreatic beta cells after 1 to 3 weeks on the high-energy diet [14] . The decreased expression of the gene encoding insulin during development of hyperglycaemia was also accompanied by the appearance of intracellular vacuoles as signs of diabetic beta cell damage (Fig. 1b,c) .
The gene encoding the proinflammatory cytokine IL-1β was undetectable both in the pancreatic beta cells of healthy (Fig. 1d) , and in those of diabetic Psammomys obesus after 1 (Fig. 1e) and 3 (Fig. 1f) weeks on a high-energy diet. The proinflammatory cytokines IFN-γ and TNF-α were also undetectable (data not shown), as was mRNA expression of the IL-1β-inducible enzyme iNos in pancreatic beta cells of healthy ( Fig. 1g) and diabetic Psammomys obesus after 1 ( Fig. 1h) and 3 (Fig. 1i) weeks on a high-energy diet. In the small numbers of immune cells, mostly macrophages and a few neutrophils, within and around the islets in the pancreas both of healthy (Fig. 1d,g ) and of diabetic Psammomys obesus after 1 (Fig. 1e,h ) and 3 ( Fig. 1f,i) weeks on a highenergy diet, we did not detect any expression of the genes encoding IL-1β or iNOS.
In control experiments, mRNA expression of Il-1β (Fig. 1j,m) , Ifn-γ (data not depicted), Tnf-α (Fig. 1k,n) and iNos (Fig. 1l,o) was clearly visible in the immune cells of the spleen (Fig. 1j-l) and pancreas-draining lymph nodes ( Fig. 1m-o) , confirming that the gerbil-specific primers used in this study specifically detected the mRNA transcripts of these genes in the cytoplasm.
Evaluation of expression of genes encoding proinflammatory cytokines and iNOS by real-time RT-PCR in Psammomys obesus
Both collagenase-isolated islets (Table 1) and laser-microdissected islets (Table 2 ) from control and diabetic Psammomys obesus were used for real-time RT-PCR to detect the proinflammatory cytokines and iNOS. Expression of Il-1β was detectable at a very low level in collagenase-isolated (Table 1 ) and laser-microdissected islets (Table 2 ) of normoglycaemic control animals. In collagenase-isolated islets (Table 1) after 1 week on a highenergy diet (Table 1 ) and in laser-microdissected islets after 1 and 3 weeks on a high-energy diet (Table 2 ) no visible increase in the expression of Il-1β could be seen. If anything, expression of this gene was decreased, in line with beta cell destruction during hyperglycaemia-induced diabetic damage (Tables 1 and 2 ).
The expression of the genes encoding the proinflammatory cytokines IFN-γ and TNF-α was so low in pancreatic islets of Psammomys obesus that mRNA transcripts were barely detectable in collagenase-isolated islets, even by highly sensitive real-time RT-PCR analysis (Table 1 ). In laser-microdissected islets expression of these genes was not detectable (Table 2) . Again, as with IL-1β, no stimulatory effect of hyperglycaemia on gene expression was seen (Tables 1 and 2 ).
The mRNA expression of the IL-1β-inducible enzyme iNos was detectable in collagenase-isolated islets (Table 1) and laser-microdissected islets (Table 2 ) of normoglycaemic Psammomys obesus. No increase in expression of iNos was seen after high-energy diet; if anything, expression of this gene decreased (Tables 1 and 2 ).
Ultrastructure of immune cells in pancreatic islets of Psammomys obesus
The islets of Langerhans from the Psammomys obesus showed all endocrine cell types as identified by their secretory granule morphology (Fig. 2) . Compared with controls, the pancreatic beta cells showed decreased granulation after 1 and 3 weeks on the high-energy diet (Fig. 2) as described previously [14] .
Gradually, the pancreatic beta cells of animals on the high-energy diet developed signs of cell organelle disintegration (Fig. 2) , such as destroyed mitochondria or cisternae of the rough endoplasmic reticulum, culminating in necrotic cell destruction [14] .
A small number of macrophages residing in and around the islets apparently act as unspecific resident and scavenger immune cells, removing cell debris from destroyed cells in diabetic islets damaged through high-energy diet feeding, as visible already at the light microcopy level (Fig. 1d-i ).
An ultrastructural analysis of these scavenger macrophages in the pancreas of control and diabetic Psammomys obesus on a high-energy diet revealed no signs of activation. Figure 2 shows typical macrophages in the capillary system of an islet from a diabetic Psammomys obesus after 1 week on the high-energy diet. These macrophages reside in the capillary system of an islet. They do not migrate through the capillary endothelium into the islets between the beta cells and thus also do not engulf dying beta cells, which would be typically expected when beta cells die via apoptosis. However, as beta cells in the diabetic Psammomys obesus pancreas typically die via necrosis [14] , the lack of apoptotic bodies inside the macrophages is not really surprising. In the case of necrotic beta cell death, as prevalent in diabetic Psammomys obesus pancreas, debris from dead cells is so small that it is not visible after being taken up into the cytoplasm of the macrophages (Fig. 2) .
Also in the islets of diabetic Psammomys obesus no signs of macrophage activation were seen. As depicted in Fig. 2 , there were no changes in the ratio of cytoplasm : nucleus in these macrophages, no enlargement and no dilatation of the endoplasmic reticulum, and no increase in the number of small vesicles.
Immunogold staining for insulin and IL-1β in pancreatic islets as compared with pancreas-draining lymph nodes from Psammomys obesus
In pancreatic beta cells of a diabetic Psammomys obesus fed a high-energy diet for 1 week immunogold staining for insulin revealed localisation of the gold particles typically in the core region of the secretory granules and in the cisternae of the rough endoplasmic reticulum (Fig. 3a) . On the other hand such pancreatic beta cells were completely devoid of IL-1β immunostaining (Fig. 3b) .
In contrast and for comparison, immune cells in a pancreas-draining lymph node of a Psammomys obesus showed no expression for insulin (Fig. 3c) . However, using IL-1β antibody, immunogold particles were found in these immune cells (Fig. 3d) .
Discussion
The hypothesis that proinflammatory cytokines may be involved in the aetiopathology of type 2 diabetes mellitus originally based upon selective immunostaining results of IL-1β in pancreatic beta cells from a diabetic Psammomys obesus (13.6 mmol/l glucose) after 1 week on a high-energy diet [8, 9] . IL-1β protein expression was detected with a rodent-specific antibody [8, 9] . Gerbil-specific antibodies are not commercially available.
Using rodent-specific antibodies, we also were unable to detect immunohistochemical staining for IL-1β or for the IL-1β-inducible enzyme iNOS, either in the pancreatic beta cells or in the small number of immune cells, mostly macrophages and a few neutrophils, which can be observed in the islets of Psammomys obesus after high-energy diet feeding [12, 16] . In contrast, all types of immune cells clearly stained positive immunohistochemically in lymph nodes and spleen [12] . This lack of immunohistochemical staining for IL-1β and for iNOS is in sharp contrast to infiltrated islets from a type 1 diabetes animal model, the LEW-1AR1-iddm rat, which we used in parallel analyses as a positive control. In these infiltrated type 1 diabetes islets the immune cells showed a dense immunostaining for IL-1β and iNOS [12, 16] . To exclude the possibility that low contents of IL-1β and iNOS could have been masked by fixation in the immunohistochemical staining procedure, we used both 4% paraformaldehyde fixed pancreatic tissue [12, 16] , as used by Donath and collaborators [6] , and cryostat sections of unfixed pancreas tissue of Psammomys obesus. Using both methods, IL-1β and iNOS were immunohistochemically undetectable. Thus, and in contrast to Donath and collaborators [6, 8, 9] , we were unable to find any evidence for hyperglycaemia-induced IL-1β or iNOS immunostaining at the protein level, either in pancreatic beta cells or in immune cells in the Psammomys pancreas [12] . As we analysed islets from gerbils that had been on a high-energy diet both for 1 and for 3 weeks, we can also exclude a transient increase in expression of IL-1β. However, we cannot rule out the possibility that a microvacuolisation in the cytoplasm of damaged beta cells may have caused a positive IL-1β immunostaining through retention of IL-1β antibody in the cytoplasm in the studies by Maedler and collaborators [9] . As we used gerbils from the same colony as these authors [9] , this cannot explain our inability to observe an involvement of IL-1β in the disease process in this type 2 diabetes model.
Immunogold staining for insulin and IL-1β in pancreatic islets at the electron microscopical level, as performed in the present study, also failed to show evidence for IL-1β staining, both in the pancreatic beta cells and immune cells, whereas immune cells in the pancreas-draining lymph node, used as a positive control, revealed clear IL-1β immunostaining. These immunogold staining results provide additional independent evidence for a lack of IL-1β protein expression in beta cells and immune cells in the Psammomys obesus islets. Furthermore, these results in no way support the recently proposed co-localisation between IL-1β and insulin in secretory granules of beta cells from islets exposed to supraphysiological glucose concentrations (33 mmol/l) [6] .
Surprised by these apparently conflicting results between our own work, both here and elsewhere [12] , and the observations by Donath and co-workers [6, 8, 9] , we decided to use a novel and complementary approach to address the issue of a possible participation of proinflammatory cytokines in the aetiopathology of beta cell damage in type 2 diabetes mellitus. To overcome the fact that gerbil-specific antibodies are not available, we performed in situ RT-PCR and real-time RT-PCR studies, using for the first time gerbil-specific primers. Thus, expression of the genes encoding IL-1β and other proinflammatory cytokines, namely TNF-α and IFN-γ, as well as the IL-1β-regulated enzyme iNOS, was analysed in pancreatic islets from normoglycaemic and diabetic Psammomys obesus using gerbil-specific primers. In beta cells and other islet cell types, as well as in the acinar and duct tissue of pancreas sections from P. obesus, none of the mRNAs of these four cytokines was detectable by in situ RT-PCR. Similarly, an analysis of the small number of immune cells in islets both from control and diabetic P. obesus revealed no expression of any of the mRNAs for these four proteins. These immune cells in the islets from the control gerbil, and in particular from diabetic animals, did not show any signs of activation during electron microscopical examination, such as an increase of the rough endoplasmic reticulum and the number of small vesicles, thus providing additional independent evidence for the inactivity of the intraislet immune cells.
These findings confirm the existence of immunologically inactive scavenger macrophages inside pancreatic islets, whose function is probably the removal of cell debris from dead cells that die during the normal cell cycle [20] .
With real-time RT-PCR, Il-1β and iNos were detected at similar levels both in collagenase-isolated islets and in laser-microdissected islets from the pancreas of normoglycaemic and hyperglycaemic animals. They were present, however, at a very low level, with cycle threshold values between 32 and 33, while expression levels of Tnf-α and Ifn-γ were very close to the detection limit, with cycle threshold values at least another two decimal powers lower than for Il-1β. On the other hand, immune cells of lymphoid tissues from Psammomys obesus, namely pancreas-draining lymph nodes and spleen, expressed all three proinflammatory cytokines, as well as iNOS, at high levels, comparable to those typically found in infiltrated islets of type 1 diabetes animal models [21, 22] . While the source of the high level expression of cytokines in type 1 diabetes infiltrated islets is clearly the infiltrating immune cells [16, 23] , it is likely that this low level of mRNA in P. obesus islets represents expression of the genes encoding cytokines in beta cells, like that also observed in human [13] and rat [24] pancreatic beta cells. Importantly, in the present and previous studies [13] , this minute expression of Il-1β was not augmented by high glucose. At variance with the situation in type 1 diabetes mellitus [12] , beta cell death in P. obesus fed a high-carbohydrate diet has been shown to be predominantly the result of necrosis [14] , a conclusion supported by more recent publications [6, 25, 26] . This necrotic beta cell death, which consists of destruction of the rough endoplasmic reticulum, can also explain the reduced expression of Il-1β and iNos in beta cells from diabetic animals.
Our study, using gerbil-specific primers, excludes the possibility that differences in the gene sequences of Il-1β and other cytokines, as well as of iNos between gerbil and other rodents such as the rat could be a potential reason for false positive results. Rat primers are not suited for detection of gene expression in gerbil tissues (unpublished observation, A. Jörns, Hanover, Germany). Thus our results do not provide a rationale for prevention studies using IL-1β antibodies [5] in humans with type 2 diabetes mellitus. On the other hand, type 2 diabetes mellitus is a heterogeneous disease and it cannot be ruled out that an inflammatory background represents a component of the disease process in some patients [27, 28] .
The results of the present PCR gene expression analyses with gerbil-specific primers therefore confirm the results obtained by immunohistochemistry [12] and the present immunogold analyses, and in particular confirm the lack of any hyperglycaemia-induced increase in expression of the genes encoding the cytokines studied and iNOS in Psammomys obesus. The low gene expression levels observed by real-time RT-PCR in Psammomys islets are also in agreement with the low level of expression of Il-1β and iNos as found in human [13] and rat [24] pancreatic beta cells by real-time RT-PCR.
Thus it can be concluded that the diabetic syndrome induced by a high-energy diet in Psammomys obesus resembles a classical type 2 diabetes mellitus syndrome without any evidence for involvement of the proinflammatory cytokine IL-1β in its pathogenesis, or any evidence for involvement of activated immune cells in the process of beta cell damage and loss in the pathogenesis of type 2 diabetes mellitus in this gerbil. This is clearly at variance with the situation in type 1 diabetes animal models [2, 12, 16] , where not only IL-1β, but also other proinflammatory cytokines play a pivotal role in the disease process.
